To address these issues, we have analyzed roof platerepellent activity in mice lacking Bmp7, Bmp6, and Gdf7 alone and in pair-wise combinations. We show that both Gdf7 and Bmp7 but not Bmp6 are required for the ability of the roof plate to orient commissural axons, despite the inactivity of GDF7 as an agonist in vitro. Moreover, biochemical analysis provides evidence that GDF7 and BMP7 heterodimerize, and we show that the heterodimer is more potent than the BMP7 homodimer in commissural axon repellent activity. Finally, we show that Bmp7 and Gdf7 are required for the fidelity of the initial trajectory of commissural axons in vivo. Together, these results suggest that a GDF7:BMP7 heterodimer mediates roof plate chemorepellent activity and that this activity guides the initial trajectory of commissural neurons in the developing spinal cord.
Results

Elimination of Bmp7 or Gdf7 Blocks the Orienting Activity of the Roof Plate
To determine the contribution of Bmps expressed in the roof plate to the repulsion of commissural axons, we isolated roof plate explants from wild-type, Bmp7 
;Bmp7
Ϫ/Ϫ embryos had a reduced orienting activity (mean angle of deflection, 13Њ; Figure 1P ) that was not significantly different from that observed in Bmp7 Ϫ/Ϫ -derived roof plates. These results provide evidence that Bmp6 is not required for roof plate-derived axon reorienting activity.
In contrast, elimination of Gdf7 reduced the axon reorienting activity of the roof plate to the same extent as Ϫ/Ϫ roof angle of deflection of 6.0Њ Ϯ 2.5Њ SEM (n ϭ 6; probability of similarity plate (G-I), Gdf7 Ϫ/Ϫ roof plate (J-L), or Bmp7 Ϫ/Ϫ ;Gdf7 Ϫ/Ϫ roof plate with angles evoked by roof plates from Bmp7 Ϫ/Ϫ or Gdf7 Ϫ/Ϫ , p Ͼ 0.
4, (M-O).
and p Ͼ 0.4, respectively). Angles of commissural axon orientation (P) Wild-type roof plate explants caused an angle of deflection of were measured and statistical tests performed as described in Augs-26.6Њ Ϯ 1.4Њ SEM (n ϭ 19), whereas Bmp7 Ϫ/Ϫ roof plates evoked an burger et al., (1999). angle of deflection of 9.3Њ Ϯ 1.9Њ SEM (n ϭ 23; probability of similarity Scale bar, 100 m. Figures 2G-2I, 2L-2N , and 2Q-2S) was similar to that in wild-type embryos (Figures 2A-2E ). This GDF7 and BMP7 proteins were distinguishable by their electrophoretic mobility, as shown by Western result suggests that the loss of chemorepellent activity by Gdf7
Figure 2. Analysis of Roof Plate Properties in Wild-Type and Mutant Mice (A-T) In situ hybridizations on stage E12 wild-type (A-E), Gdf7
Ϫ/Ϫ and Bmp7 Ϫ/Ϫ roof plate is not due to an indianalysis with ␣-myc and ␣-GDF7 antibodies (Figures 3A Figure 2A) , COS cell aggregates exhibited a very reorientation, however, the GDF7 homodimer is inactive. To determine whether the GDF7:BMP7 heterodimer has high level of axon-orienting activity. To assess whether the enhanced chemorepellent acchemorepellent activity and to examine the possibility that it is more active than the BMP7 homodimer, we tivity of cells expressing the GDF7:BMP7 heterodimer represents an increase in specific activity, we examined compared the repellent activities of COS cell aggregates consisting of cells expressing either Gdf7 or Bmp7, of the relative levels of protein expressed by singly or cotransfected COS cells and compared directly the activity mixtures of cells expressing Bmp7 with those expressing Gdf7, and of cells cotransfected with both Bmp7 of equal amounts of BMP7 protein expressed as homodimers or under heterodimer conditions. Protein concenand Gdf7.
Cell-mixing experiments were used to determine tration was assessed on Western blots using densitometry to measure the net pixel intensities of ␣-myc-labeled whether GDF7 and BMP7 act cooperatively when both are present as homodimers. As previously shown, com-BMP bands. In six experiments, the level of BMPs in supernatants of COS cells transfected with Bmp7 alone missural axons exposed to COS cell aggregates expressing Gdf7 alone responded with a mean angle of was up to 10-fold greater than that in the supernatants of sister cotransfected COS cells cultures analyzed on deflection of 4Њ (Figures 4D-4F and 4P), a value not significantly different from control, whereas commisthe same blots (mean 5-fold; see Figure 5A ). Similarly, the mean level of GDF7 expressed as a homodimer was sural axons exposed to COS cell aggregates comprising only cells expressing Bmp7 were deflected by 30Њ (Fig-5 -fold higher than that of the GDF7:BMP7 heterodimer ( Figure 5A ). We therefore normalized the level of BMP7 ure 4P). When control COS cells were mixed into the aggregate, the reduction in the contribution of Bmp7-protein expressed alone to the level expressed after Gdf7 and Bmp7 cotransfection ( Figure 5A ). Under these expressing cells resulted in a graded decrease in the mean angle of commissural axon deflection. Aggregates conditions, COS cells expressing BMP7 alone caused 5E ). Thus, when BMP7 is expressed under conditions that promote het-5B and 5D), whereas COS cells expressing the same absolute level of BMP7 but coexpressed with GDF7 erodimer formation with GDF7, there appears to be an increase in specific activity over that of the homodimer of at least 3.5-fold. Together, these results support the view that GDF7 and BMP7 form a heterodimer with enhanced activity in commissural axon reorientation.
Bmp7 and Gdf7 Are Required In Vivo for the Early Navigation of Commissural Axons
The requirement for both Bmp7 and Gdf7 in the roof plate-repellent activity in vitro raises the question of whether BMPs have a role in the guidance of commissural axons in vivo. To test this, we compared, at E11.5, the initial trajectory of commissural axons in wild-type, Bmp7
, and Gdf7 6B ). To avoid rostrocaudal differences inherent in the development of the spinal cord, embryos were age matched (E11.5) and were compared at brachial, thoracic, and lumbar levels ( Figure 6C ). The number and position of LH2A/B ϩ /TAG-1 ϩ neurons in Bmp7 Ϫ/Ϫ mutants was unchanged at all three spinal levels in comparison to that in wild-type embryos ( Figures 6C and 6D) .
Second, we examined the ability of commissural axons in Bmp7 Ϫ/Ϫ and Gdf7 Ϫ/Ϫ mice to respond to roof plate signals from wild-type mice. Commissural axons in dorsal spinal cord explants taken from Bmp7 Ϫ/Ϫ and Gdf7 Ϫ/Ϫ mice were reoriented by wild-type roof plate explants to the same extent as commissural axons in wild-type dorsal spinal cord explants (data not shown). Together, these experiments suggest that neither the generation and position of commissural neurons nor the response properties of commissural axons were affected by the loss of Bmp7. Figure 7G ). In addition, viding the opportunity to observe a slightly more developed axonal trajectory. At brachial levels, the in sections from Bmp7 Ϫ/Ϫ and Gdf7 Ϫ/Ϫ mice, commissural neurons also projected dorsally toward the roof plate generation of this population of commissural neurons is largely complete and the axonal trajectory considerably ( Figures 7B and 7D ) and sometimes crossed the midline ( Figure 7D ), a phenomenon that was not observed in more advanced than that at lumbar levels.
Initial Commissural Axon Projections in Lumbar wild-type sections. These observations at lumbar levels suggest that the loss of Bmps results in a perturbation
Spinal Cord
In sections from wild-type embryos, the vast majority of the initial extension of commissural neurons.
Mid-Stage Commissural Axon Projections of axons at lumbar levels took an initial ventrolateral path away from the roof plate (Figures 7A and 7G). In in Thoracic Spinal Cord
In sections from thoracic spinal cord of wild-type emBmp6 Ϫ/Ϫ embryos, commissural axons projected as in wild-type embryos (data not shown). In contrast, in lumbryos, fewer than 2% of commissural axons extended medially ( Figures 7E and 7G) , whereas in sections from bar spinal cord sections from Bmp7 Ϫ/Ϫ and Gdf7 Ϫ/Ϫ em- Ϫ/Ϫ sections, 42.0% Ϯ 8% of commissural axons (n ϭ 94 axons total in 30 sections) projected medially (probability of similarity with wild-type, p Ͻ 0.001). At E11.5, the population of commissural neurons at lumbar levels is nascent, and all neurons are in the initial stages of extension. At thoracic levels, 1.8% Ϯ 0.5% of commissural neurons in wild-type sections (n ϭ 19 axons total in 26 sections) extended medially compared to 17.1% Ϯ 5% of commissural neurons in Bmp7 Ϫ/Ϫ sections (n ϭ 156 axons total in 33 sections; probability of similarity to wild-type, p Ͻ 0.0001). At brachial levels, 0.7% Ϯ 0.2% of commissural axons projected medially in wild-type sections (n ϭ 11 axons total in 31 sections), whereas 5.4% Ϯ 3% of commissural neurons had extended axons medially in Bmp7 Ϫ/Ϫ sections (n ϭ 35 axons total in 15 sections; probability of similarity with wild-type, p Ͻ 0.0001). The incidence of medial processes in Gdf7 Ϫ/Ϫ appeared similar to those in Bmp7 Ϫ/Ϫ mice (F), but they were not counted.
Scale bars, 10 m (A and B), 50 m (C-I), and 25 m (H-L).
Bmp7
Ϫ/Ϫ and Gdf7 Ϫ/Ϫ mice ( Figure 7F ), a substantial fracbryos, axons never extended toward or across the roof plate ( Figures 8A, 8B, and 8H ). In contrast, in Bmp7 In wild-type whole-mount fillets (n ϭ 23), the axons of commissural neurons (n ϭ 9083) were never observed within the roof plate region. In the mutants, TAG-1 ϩ axons were observed extending toward the roof plate and crossing the midline. In Bmp7 Ϫ/Ϫ whole mounts (n ϭ 14), 2.4% Ϯ 0.07% of axons from commissural neurons (n ϭ 4113) were dorsally mispolarized, and 0.2% Ϯ 0.03% of commissural axons actually cross the roof plate (probability of similarity to wild-type, p Ͻ 0.0002 and p Ͻ 0.0009, respectively). For Gdf7 Ϫ/Ϫ whole mounts (n ϭ 5), 4.0% Ϯ 0.2% commissural axons (n ϭ 2535) were mispolarized, and 0.3% Ϯ 0.08% of axons cross the roof plate (probability of similarity to wildtype, p Ͻ 0.0001 and p Ͻ 0.002, respectively). The Gdf7 Ϫ/Ϫ ;Bmp7 Ϫ/Ϫ double mutant had a similar phenotype to the single mutants; in four whole mounts, 3.4% Ϯ 0.3% of axons (n ϭ 1493) were mispolarized, and 0.4% Ϯ 0.08% of axons cross the roof plate (probability of similarity to Bmp7 Ϫ/Ϫ , p Ͼ 0.22 and p Ͼ 0.62, respectively; probability of similarity to Gdf7 
